In the central nervous system, chemical neurotransmission is dependent on the termination of signaling mediated by the clearance of neurotransmitters from the synaptic cleft by plasma-membrane transport proteins 1,2 . The neurotransmitter:sodium symporter (NSS) family (SLC6A) includes biogenic amine transporters for serotonin, norepinephrine and dopamine, the targets of widely prescribed therapeutic drugs (for example, selective serotonin reuptake inhibitors (SSRIs) and tricyclic antidepressants (TCAs)) and drugs of abuse (for example, cocaine, amphetamine) 3 . The NSS proteins catalyze the thermodynamically uphill transport of their respective substrates powered by the electrochemical Na + gradient across the plasma membrane 4, 5 . Despite the elucidation of high-resolution crystal structures of LeuT 6,7 , a bacterial homolog of mammalian NSS, and intensive efforts to understand the dynamics of ion-coupled substrate translocation [8] [9] [10] [11] [12] [13] [14] [15] [16] , many important aspects of the conformational changes related to individual steps in the transport cycle are still lacking.
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The structure of LeuT revealed a novel fold 6 that is now known to be shared by several Na + -dependent and Na + -independent transport proteins without obvious sequence similarity to NSS [17] [18] [19] [20] [21] [22] . In this structure 6 (PDB 2A65), leucine and two Na + ions (Na1 and Na2) are positioned in close proximity within a dehydrated protein core that is occluded from both the extracellular and intracellular sides. Partially unwound regions of transmembrane helix 1 (TM1) and TM6 contribute main chain atoms and helix dipoles to the formation of the leucine and Na + binding sites, and the carboxylate of leucine participates in the direct coordination of Na1. Highly conserved charged and aromatic residues in these two transmembrane helices on both the extracellular and intracellular sides likely have key roles in forming the 'gates' that allow access to this substrate binding site 6, 23, 24 .
In the context of an alternating access mechanism 25 , this static snapshot of LeuT was interpreted as a conformational intermediate in which both the extracellular and intracellular gates are closed, (that is, in an occluded conformation), which prevents access to the bound substrates 6 . Subsequent crystal structures of LeuT revealed that several other residues can also occupy the leucine binding site 7 and produce an essentially identical occluded conformation when compared to the leucine-bound LeuT crystal structure 6 . In contrast, tryptophan acts as a competitive inhibitor and, at high concentrations, wedges the transporter into a putative 'open-to-out' conformation 7 .
Additional structures were solved with the TCA inhibitors clomipramine (CMI), imipramine and desipramine 26, 27 or the SSRIs sertraline and fluoxetine 28 , bound in an extracellular vestibule about 11 Å above the leucine-occupied binding site (subsequently referred to as the primary (S1) binding site). These inhibitor-bound structures were nearly identical to that of the Na + /Leu-bound structure 6 . Subsequent crystallographic evidence showed that a molecule of n-octyl-β-dglucopyranoside (OG), the detergent used for all LeuT crystallization procedures, occupies this extracellular vestibule in the absence of TCAs or SSRIs 29 .
Based on this structural information, a number of models have been proposed for the mode of substrate transport. One model posits the formation of outward-and inward-facing states facilitated by a 'rocking bundle' of transmembrane helices from the topologically inverted repeats 13, 30 . Another model envisions two gates controlling access to a r t i c l e s the central binding site 8, 31 , implying that the doubly occluded crystal structure is an obligatory intermediate between outward-and inward facing conformations. A more detailed functional model emerged from the application of steered molecular dynamics simulations in conjunction with radiotracer binding. These experiments identified a second high-affinity substrate binding site (S2) in the extracellular vestibule of LeuT and established that leucine can bind simultaneously to the S1 and S2 sites. Additionally, these studies showed that the binding of leucine to the S2 site allosterically triggers release of Na + and leucine from the S1 site, enabling Na + -coupled substrate symport. Disturbing the integrity of the S2 site by mutations or occupation of the S2 site by a TCA, SSRI or OG impairs this transport mechanism 23, [26] [27] [28] [29] . These findings rationalize the lack of substantial differences between the OG (not identified in the structure with PDB 2A65)-, TCA-and SSRI-bound structures, as they all are likely to represent inhibited conformational intermediates despite having Na + and leucine (or another substrate) bound in the S1 site.
To provide the first direct measurements to our knowledge of functional dynamics for a NSS family member that complement the static crystallographic snapshots of LeuT, here we used systematic spin labeling and EPR analysis, which has been shown to be sensitive to conformational changes in membrane transport proteins [32] [33] [34] [35] [36] [37] . The focus of these studies was on the structural dynamics enabling ligand permeation from the extracellular milieu to the binding sites within the protein core during distinct conformational states in the transport cycle. We interpreted spin-label mobility, accessibility to paramagnetic reagents (NiEDDA and O 2 ) and inter-spin label distances as constraints on local helix packing and global structural organization. Specifically, we have identified previously unknown Na + -dependent conformational changes in and near the extracellular vestibule and have contrasted the effects of subsequent substrate (leucine) binding to those induced by inhibitors.
RESULTS
To introduce nitroxide spin labels for the EPR studies, we substituted residues in LeuT wild type (WT) with cysteine at selected positions to generate 41 single and 6 double cysteine mutants; it should be noted that WT LeuT has no endogenous cysteine residues. The selection of single cysteine positions was guided, in part, by predictions from previous steered molecular dynamics simulations of LeuT, in which the substrate was pulled to the extracellular side to identify the extracellular transport pathway 23 . We subsequently reacted the cysteine residues with the thiol-specific nitroxide spin label MTSSL. Analysis of these mutants by scintillation proximity assay (SPA) confirmed that each of the LeuT variants showed Na + -dependent leucine binding activity 38 . Spin labeling had no substantial effect on binding in nearly all of the cysteine mutants (Supplementary Table 1 and Supplementary Fig. 1 ).
Na + increases accessibility of the extracellular vestibule
In the absence of both Na + and leucine (the apo form), spin labels attached to specific cysteine residues introduced in or near the extracellular permeation pathway of LeuT showed low accessibility to the water-soluble reagent NiEDDA ( Table 1 ) and to membrane-soluble molecular oxygen (O 2 , Supplementary Table 2) . For example, a spin label attached to the S2 site mutant I111C had less than 2% of the accessibility of a spin label attached to the surface-exposed A309C in extracellular loop 4a (EL4a). The differences in the absolute accessibilities reflect the larger local concentrations and diffusion rates of NiEDDA at surface-exposed residues 39 . On the other hand, the spin label at the S2 site mutant L400C 23 showed higher absolute accessibility to NiEDDA relative to I111C in the absence of Na + . These results indicate that, in the apo form of LeuT reconstituted into proteoliposomes, a tightly packed structural organization prevents solvent permeation into some portions of the extracellular vestibule but not others.
Notably, Na + binding increased accessibility at positions in TM1b, TM3 and EL4 that project into the extracellular vestibule above the S1 site (Fig. 1) . Spin labels at these positions (highlighted for V33C, I111C and A315C in Fig. 1a,b) reported an increase in mobility and steady-state collision frequency with NiEDDA in the presence of Na + , indicating looser packing and increased hydration. Mapping the Na + -induced changes in NiEDDA accessibility onto the structure of LeuT shows that positions of increased accessibility cluster within the putative permeation pathway in close proximity to EL4 (Fig. 1c) . V33C a r t i c l e s in TM1b, which is located directly under EL4, reported an increase by more than a factor of three in the NiEDDA accessibility parameter Π in the presence of Na + . We observed a similar increase in accessibility at A315C, a site in EL4 that projects into the nearby environment of V33C. Spin labels attached to other buried positions of EL4 (for example, A311C) also reported increases in accessibility relative to the apo intermediate, whereas at surface residues (for example, A317C), accessibility changes were typically less than 20%, reflecting insignificant changes in the local NiEDDA concentration. Accessibilities at other positions found in TM10 and TM6a that are in proximity to EL4 remained relatively unchanged upon Na + binding. This distinct pattern of accessibility changes suggests that the presence of Na + induces a movement of EL4 that increases NiEDDA penetration into regions that are buried in the apo state, thus allowing water and substrate to access sites within the protein core. The movement of EL4 also alters the accessibility of residues in EL2 lining the packing interface. Upon Na + binding, we observed concomitant decreases in the accessibilities at positions F147C and L148C (red side chains in EL2, Fig. 1c ) and in the relative proximity between EL2 and EL4 ( Supplementary Fig. 2 ).
The Na + -induced loosening of packing within the extracellular permeation pathway that leads to water penetration in this region was also evident as an overall increase in spin-label mobility, which refers to the rotational isomerization of the nitroxide around the tethering bonds to the protein 40 (Fig. 1a) . Increased mobility at site I111C ( Fig. 1a) was Na + -concentration dependent with an EC 50 Na ≈15-20 mM, similar to that obtained for Na + binding by SPA (Fig. 2a) . K + failed to elicit a change in spin-label dynamics, consistent with the functional dependence of LeuT on Na + (Fig. 2b) . Overall, the increase in mobility and accessibility of multiple positions in the extracellular vestibule supports a model of Na + -dependent enhancement of water entry and the development of an outward-facing transporter conformation poised to bind substrate.
Leucine binding reduces accessibility of the extracellular vestibule
The addition of leucine to the Na + -bound state reduced spin-label accessibilities to NiEDDA and dampened the overall dynamics of LeuT, effects opposite those produced by Na + binding (Fig. 1) . Mapping the accessibility changes relative to the Na + -bound state onto the crystal structure 6 (PDB 2A65) revealed a steric restriction of water access to the extracellular vestibule (Fig. 1d) . Concomitant changes in spin-label mobility were Na + dependent, as neither the absence of Na + nor the presence of K + supported the leucine-induced EPR lineshape changes (Fig. 2b,c) .
Spin labels monitoring the entrance pathway to the S1 site from the extracellular milieu, such as L400C in TM10, showed the type of restricted motion characteristic of positions in hydrophobic cores of proteins 40 . We observed a similar pattern of lineshape changes, from mobile to highly restricted, for labels at other positions along TM10 ranging from the extracellular milieu toward the S1 site ( Supplementary Fig. 3 ). Although these positions did not show Na + -dependent changes in NiEDDA accessibility, they reported a decrease in accessibility upon leucine binding (Fig. 1b,d and a r t i c l e s Fig. 4) . Overall, the EPR parameters are consistent with reduced access of the extracellular permeation pathway induced by leucine binding. The addition of leucine affected in a similar way the NiEDDA accessibility of probes attached to target positions in the S2 site (I111C and L400C) and also to other positions that are in close proximity but do not impair the binding of leucine to this site (V33C and A315C). Thus, even in the absence of a directional ion gradient, Na + -dependent substrate binding to the S1 site alone appears to alter the aqueous accessibility of the extracellular permeation pathway. This observation also emphasizes that, unlike uphill transport, leucine binding does not require the presence of a Na + gradient. Indeed, when we reconstituted LeuT I111C and LeuT L400C into proteoliposomes in the presence of Na + and leucine (identical concentrations on the outside and inside of the liposome), the resulting EPR lineshapes and accessibilities were nearly identical to those obtained from external addition of Na + and leucine to apo LeuT (data not shown).
Binding of substrate dehydrates the S1 site
The changes in accessibility observed in the permeation pathway with Na + and leucine binding were attenuated near the S1 site, reflecting a steric exclusion of NiEDDA (but not necessarily of water) from the vicinity of spin labels. Indeed, spin-labeled F253C (Fig. 3a) reported low accessibility of the relatively bulky NiEDDA (~13 times larger than water) in all states (Fig. 3b) , precluding a structural interpretation of changes in water activity at the S1 site. The spin label was also highly immobilized, which is not unexpected given the ordered environment of the S1 site in the LeuT crystal structure 6 (PDB 2A65) (Fig. 3a,c) . Although the F253C mutation prevents Na + -coupled substrate transport (Fig. 3d) , leucine binds with high affinity and a stoichiometry of 1:1 ( Fig. 3e and Supplementary Table 1) , consistent with disruption of the S1 binding site and the proposed symport mechanism 23 .
To monitor water activity at the S1 site, we used a sensitive indicator of environmental polarity in the immediate vicinity of the spin label by analyzing the splitting of hyperfine extrema of the EPR spectrum, which decreases in low dielectric conditions 41 . At room temperature (23 °C), the EPR spectrum of the spin label at site F253C decreased in breadth by 8 gauss upon the addition of leucine (Fig. 3c) or alanine (data not shown). That these spectral changes unequivocally reflect a reduction in water activity was confirmed by a similar leucineinduced change in spectral breadth at low temperature (−53 °C) that freezes out the confounding contribution of probe dynamics to the spectral width (Fig. 3f) . Therefore, the reduction in the local dielectric underlying this observation is consistent with dehydration of the S1 site upon leucine binding.
Na + binding induces an outward-facing conformation
The accessibility changes described above implicate Na + /substratedependent movements of EL4 and possibly EL2 that occlude access to the S1 and S2 sites in the crystal structure. To define specifically the conformational changes that alter the accessibility of the permeation pathway, we used double electron-electron resonance (DEER) spectroscopy to measure distances between pairs of spin labels in the loops surrounding the extracellular vestibule 42 . Introduced at surfaceexposed positions, these spin labels did not alter greatly the affinity or the stoichiometry of leucine binding (Supplementary Fig. 5 ). Although LeuT crystallized as a dimer with an interface between TM9 and TM12 (ref. 6), neither EPR lineshapes (Supplementary Fig. 6 ) nor DEER analysis (data not shown) of spin-labeled TM12 mutants showed evidence of spin-spin dipolar coupling. This suggests that LeuT is predominantly a monomer under our conditions (DDM and proteoliposomes) and that the distances measured between labels arise from intramolecular dipolar interactions.
We positioned the spin-label pairs to monitor distances from reference positions in EL6 (H480C or E478C) to positions in each of EL4a (A309C), EL2 (D136C and L126C) and EL3 (E220C and E236C, at the two ends of the loop; Glu220 is positioned behind EL4 (Fig. 4) ). Additionally, we probed the distance between the N terminus of TM8 and the C terminus of EL2 with the A335C S150C mutant. In general, the distance distributions (P(r)), which describe the probability of a given distance between the two labels, were either broad or consisted of multiple populations, reflecting the intrinsic dynamics of the proteoliposomes was low in all states, consistent with a buried location. Equimolar leucine binding decreased the EPR spectral breadth at both room temperature (e) and −53 °C (f), indicating that water becomes excluded from the primary binding site (S1). The structure in a was generated using PyMOL (version 1.2r3pre, Shrodinger, LLC).
a r t i c l e s protein backbone. In these cases, only a minor fraction of spin-label pairs are separated by the weighted average distance. Therefore, our analysis focused on changes in the width of the distributions and/or shifts in relative distance components (Fig. 4, Supplementary Table 3 and Supplementary Fig. 7) . We found that Na + binding led to a rightward shift in the distance distribution of H480C A309C, suggesting an increase in distance between EL6 and EL4a relative to the apo and Na + /leucine-bound states (Fig. 4a, ii) . The broadened distribution in the Na + -bound intermediate showed evidence of a new component at longer distances (arrows, Fig. 4a , ii). Decomposition of P(r) into multiple Gaussians reveals two distance populations of nearly equal intensity centered about 28.5 ± 3.1 and 36.7 ± 3.8 Å (Supplementary Table 3 and Supplementary Fig. 7) . The lack of changes in spin-label mobility upon Na + binding (Supplementary Fig. 7) suggests that the origin of multiple distance populations is an equilibrium between distinct LeuT conformers, which are likely the result of dynamic fluctuations of EL4a. Na + binding also produced an additional component in the distribution of the A335C S150C mutant, consistent with increased dynamic fluctuations at the C terminus of EL2 (Fig. 4b, iii, and Supplementary Table 3 ). In contrast, only negligible changes in average distance or relative populations were observed between EL6 and EL3 (E478C E220C, E478C E236C) as well as EL6 and EL2 (H480C D136C) in the presence of Na + (Fig. 4a,b) . These results support a model in which an outward Na + -dependent movement of EL4 exposes the extracellular permeation pathway, including the S2 site, thus rationalizing the accessibility profiles discussed above for positions located within, and in close proximity to, EL4 (Fig. 1) .
The shape of the distance distribution for H480C A309C in the apo state also suggests an equilibrium between a prominent population of short distance (~26 Å), and other population(s) sampling longer distances (30-40 Å) . This pattern of distances may reflect closed and open conformers of LeuT, in which the closed conformer (short distance) dominates in the absence of Na + , consistent with the notion that Na + binding enhances an outward-facing conformation resulting in part from movement of EL4. The establishment of such an open conformation relative to the Na + /leucine-bound state is further supported by results from corresponding molecular dynamics simulations of LeuT in the presence of both Na1 and Na2 but without leucine, which reveal an outward movement of TM6a. This conformational rearrangement is coordinated by Na + binding and by changes in the configuration of an aromatic cluster in its vicinity, as described below.
Leucine shifts the conformational preference to an occluded form As described above, leucine binding to Na + -bound LeuT restored the tight packing in the extracellular vestibule. The leftward shift in the distance distribution of H480C A309C relative to the Na + -bound outward-facing conformation and its narrowing by elimination of the longest distance component (Supplementary Table 3) imply an effective decrease in distance between EL6 and EL4a (Fig. 4a, ii) . We made a similar observation for H480C D136C and A335C S150C, in which broad, multicomponent distributions were reduced to a predominantly one-component distribution upon leucine binding (Fig. 4a, i, Fig. 4b, iii, and Supplementary Table 3) . Indeed, the three modeled Gaussian populations of H480C D136C in the apo and Na + intermediates coalesced into a single dominant (86%) component in the presence of leucine, suggesting a decrease in conformational heterogeneity (Supplementary Table 3) . A leftward shift in the distance distribution of E478C E236C also indicated a decrease in distance between EL6 and EL3 upon leucine binding (Fig. 4a, iii) . We observed these distance changes in both DDM micelles and in proteoliposomes (Supplementary Fig. 8 ). In combination with the mobility and accessibility analysis, these results lead us to the conclusion that LeuT in the Na + /leucine-bound state adopts a structurally more homogeneous conformation characterized by a closed extracellular region. This is in contrast to the more open, heterogeneous ensemble of the Na + -bound intermediates, which promotes increased access to the S1 and/or S2 site.
Consistent with the accessibility analysis, in the absence of a Na + gradient, leucine binding in the S1 site appears sufficient to reduce access to the extracellular permeation pathway, regardless of the occupancy of the S2 site. The leucine titration of spin-labeled L400C, which supports binding in the S1 site only, completely restricted probe motion at a 1:1 molar ratio of leucine to LeuT (Fig. 5a) . Also, the incorporation of a similar S2-disrupting mutation, L400S, into the H480C A309C mutant did not alter the Na + /leucinebound distance distribution ( Fig. 5b and Supplementary Fig. 5) . Furthermore, the distance changes between EL6 and each of EL4 (data not shown) and EL3 (Fig. 5c,d) were saturated with equimolar leucine binding, consistent with an S1-dependent conformational a r t i c l e s change. Therefore, substrate binding to the S2 site is not required to induce the conformational changes that occlude the extracellular permeation pathway.
Inhibitors induce distinct LeuT conformations
Functional and crystallographic evidence suggests that the LeuT structure determined in OG detergent represents an inhibitorbound structure 29 . Furthermore, comparative molecular dynamics simulations of OG or TCA inhibitor binding in the S2 site indicate structural changes distinct from those produced by the substrate leucine 29 . Experimentally, we found that the addition of OG or CMI to LeuT induced a small but reproducible leftward shift in the distance distribution of E478C E236C relative to the Na + /leucine-bound state, consistent with a decrease in the average distance between EL6 and EL3 ( Fig. 6a-c) . The addition of CMI to the Na + intermediate did not alter the distance distribution, suggesting that the decrease in distance between EL6 and EL3 was dependent on the presence of leucine, presumably occupying the S1 site (Fig. 6c) . Because this distance change occurred in the Na + /leucine-bound state, the distributions are likely to reflect rearrangements associated with the binding of these inhibitors (CMI and OG) to the extracellular vestibule. CMI binding to the Na + /leucine intermediate suggests that the occlusion of the permeation pathway to S1 is dynamic, such that the conformational fluctuations allowing access to the extracellular vestibule for substrate and inhibitors are substantially reduced but not eliminated. Thus, inhibitor binding to the extracellular vestibule appears to lead to a state with structural features distinct from the leucine-bound conformation. Furthermore, molecular dynamics simulations with an occupied S2 site had shown distinct substrate-and inhibitordependent conformational rearrangements of TM6a 23, 29 .
In our experiments, we found the binding of tryptophan, which was also shown to inhibit transport 7 , to increase the distances between spin labels in the H480C A309C (Fig. 6d,e) and E478C E236C pairs (data not shown) relative to the Na + /leucine-bound state. Also, the distance distribution in the presence of Na + and tryptophan was narrower than that in the Na + -bound intermediate and overlapped its most extended component (gray box, Fig. 6e) , consistent with the stabilization of an extreme Na + -induced conformer. The larger distance relative to the Na + /leucine-bound conformation is in agreement with the expansion of the extracellular vestibule, in part through movement of EL4a, that was seen in the crystal structure of LeuT in the presence of 50 mM tryptophan 7 Figure 5 Leucine binding to the S1 site is the primary determinant of leucine-dependent conformational changes. (a) The decrease in spinlabel mobility at L400C was dependent on [Leu] . The leucine titration of LeuT L400C indicated a maximum change in EPR lineshape (arrow) at a 1:1 molar ratio of leucine to LeuT. Because the L400C mutation disrupts binding to the S2 site 23 , these spectral changes result from binding in the S1 site. (b) The distance distributions of LeuT H480C A309C (2:1 leucine-to-LeuT stoichiometry) and LeuT H480C A309C L400S (1:1 stoichiometry) are superimposable, suggesting that the leucine-dependent change in distance is due to leucine occupancy in the S1 site. (c,d) The change in distance between LeuT E478C E236C (2:1 stoichiometry) is saturated at a 1:1 ratio, consistent with S1-driven conformational changes. The distances in d were obtained from the peak probability of the distance distributions in c. a r t i c l e s and has been interpreted as an open-to-out conformation. Indeed, the tryptophan-induced expansion of the structure also increased NiEDDA accessibility at positions in the vestibule, as illustrated by residue A315C (Fig. 6d,f) . Furthermore, the spectral breadth of F253C, which reported leucine-induced S1 reorganization (described above), also indicated that tryptophan impaired the dehydration of the S1 site (data not shown). These experimental findings concur with molecular dynamics simulation of the effects of Na + binding (Fig. 7) . In these simulations, TM6a adopts a strongly outward tilt (Fig. 7c) similar to that observed in the LeuT structure with tryptophan in the S1 site 7 (Fig. 7b,  PDB 3F3A ). Additionally, we observed rotamer changes of Phe252 and Phe253 (which interacts with the substrate in the S1 site) that are associated with those of Tyr107 and Tyr108 in TM3. The orientations of these four interrelated aromatic residues are affected by the occupancy of the S1 site. When S1 is occupied, Phe252 is the only one showing a rotamer difference (gauche versus trans) in comparing leucinebound to tryptophan-bound structures. Thus, the trans rotamer of Phe252 appears to be involved in stabilizing the outward tilting of TM6a (Fig. 7d,e) . When S1 is not occupied but Na + is present, the dynamics showed the Phe253 side chain rotating away from its initial orientation to reside in the same space that is occupied by the indole ring of the tryptophan bound near the extracellular vestibule in the crystal structure (Trp602, Fig. 7d) . Thus, the effect of the inhibitor tryptophan may be viewed as trapping LeuT in an outward-facing conformation by preventing the configurational changes that need to occur in the aromatic cluster upon ligand binding to S1.
DISCUSSION
Our results, compiled from the combined experimental and computational approaches described here, provide a unique perspective on the conformational dynamics in the functional cycle of NSS. Fundamental to this cycle is a dynamic outward-facing state that is induced by the binding of Na + and that is achieved, substantially, by movement of EL4. In the cellular environment, Na + -induced outward-facing conformations are likely to predominate in the absence of substrate due to the high extracellular Na + concentration. This outward-facing state exposes the substrate binding sites, and indeed, we find that leucine binding is facilitated by Na + (Fig. 2b,c) . Leucine binding to the S1 site efficiently engages local and global conformational changes that reverse accessibility to the extracellular permeation pathway, providing unequivocal evidence of distinct Na + -and substrate-dependent structural rearrangements. In contrast, we found that the binding of inhibitors in the extracellular vestibule altered the conformation of LeuT in a manner different from that induced by leucine, which supports the notion that the current set of LeuT crystal structures represents inhibited conformations 29 .
We find that the dynamics of the outward-facing conformation involves fluctuations of the extracellular loops and extends into the permeation pathway (vestibule), where the looser packing relative to the apo state facilitates water and substrate access to the S1 site. Subsequent leucine binding reduces the dynamics of the extracellular loops and constricts the permeation pathway, thereby occluding access to the binding sites. Hints of movements in other protein segments besides EL4, such as TM6a and TM10, were also evident. A role for TM6 (and TM1) was originally proposed based on the discontinuity (unwound segments of TM1 and TM6 that contribute to substrate binding) of the helix near the S1 site, suggesting that the flexibility of this helix may confer dynamic properties during transport 6 . In our findings, movement of TM6 is suggested by a leucine-dependent decrease in distance between E478C E236C because Glu236 resides just four residues away from the N terminus of TM6. The pattern of mobility and accessibility of TM10 residues in the presence of leucine suggests movement similar to that captured by the crystal structure of Mph1, where TM10 bends toward an outward-facing cavity to occlude the substrate binding site 17 .
Substrate exit on the intracellular side must entail conformational changes related to those we have observed in the extracellular permeation pathway. Several models have been proposed for substrate permeation 8, 13, 23 , but the nature and amplitude of the underlying movement on the intracellular side have not been measured. Further spectroscopic experiments that investigate the dynamics of the intracellular region of LeuT and the nature of the coupling between the extracellular and intracellular portions are required to elucidate the corresponding effects on the dynamics of the inward permeation pathway. 
